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Molecular control of microsporogenesis in Arabidopsis
Fang Chang1,*, Yingxiang Wang1,*, Shuangshuang Wang1 and Hong Ma1,2,3

Microsporogenesis is essential for male fertility and requires

both the formation of somatic and reproductive cells in the

anther and meiotic segregation of homologous chromosomes.

Molecular genetic studies have uncovered signaling molecules

and transcription factors that play crucial roles in determining

the anther cell types and in controlling gene expression for

microsporogenesis. At the same time, key components of in

meiotic recombination pathways have been discovered,

enriching our knowledge about plant reproductive

development.
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Introduction
In flowering plants, the male reproductive organ stamen

usually contains four anther lobes, each with a microspor-

agium where the pollen grains complete their develop-

ment. Male reproduction has several steps, including the

initiation of the stamen from the floral meristem and the

generation of the germ-line meiotic cells and somatic cell

layers, including the tapetum (Figure 1). These are

followed by meiosis and tapetum development that sup-

port pollen development, which also requires gameto-

phytic gene functions inside the pollen. This review

focuses on recent advances in the understanding of gene

functions for early anther development, including the

determination of the stamen identity and morphogenesis

of the lobed anther structure, the specification of various

anther cell layers, the meiotic processes, and anther

functions crucial for meiotic cytokinesis and early micro-

spore development. Because of space constraints, the

emphasis will be on Arabidopsis genes, with brief discus-

sion of genes from other plants.

Control of stamen identity and the four-lobed
structure
According to the ABCE model for floral organ identities,

the combinatorial action of BCE genes determines the

stamen identity [1,2]. In Arabidopsis, the stamen requires

cooperation of B-class genes APETELA3 (AP3) and PIS-
TILLATA (PI), C-class gene AGAMOUS (AG), and at least

one of the E-class genes SEPALLATA1/2/3/4 [1]. In

addition, WUSCHEL (WUS) activates AG in the early

floral meristem, together with LEAFY (LFY) [3]. How-

ever, in later stages of floral development, AG represses

WUS [4] and promotes the stamen differentiation by

cooperating with B and E-class genes, possibly as a

heterotetramer [1].

In each anther lobe, cell division and differentiation

generate reproductive pollen mother cells (PMCs; or

meiotic cells), which are surrounded by four somatic cell

layers: the tapetum, the middle layer, endothecium, and

the epidermis from the inner to outside (Figure 1).

Except the epidermis, which is the result of division of

the L1 cells, the three inner somatic cell layers and

meiotic cells are generated from the L2 cells called

archesporial cells [1,5]. Thus, one of the earliest, possibly

most important, events in anther development is the

formation of the archesporial cells. Recent studies

strongly suggested that the ERECTA (ER) and ER-Like

1 and 2 (ERL1,2) leucine-rich repeat receptor-like

protein kinases (LRR-RLKs) are important for anther

lobe formation, because the corresponding triple mutant

is often defective in the formation of two to four anther

lobes and the correct cell patterning within the lobe [6,7].

It is possible that these genes are required for the spe-

cification of the archesporial cells; alternatively, they

might promote the cell division of archesporial cells to

form the multiple cell layers in the lobe. In addition,

mutants defective in two cytoplasmic kinases, the MPK3/

6 MAP kinases, exhibit similar anther phenotypes to

those of the er erl1 erl2 mutant, suggesting that the

MAP kinase cascade might act downstream of the ER/

ERL1/ERL2 LRR-RLKs [6]. Further understanding of

the functions of ER/ERL1/2 and MPK3/6 will benefit

from analysis using archesporial cell-specific markers and

genetic dissections of the interactions between these

genes.

Cell type specification in the anther
Within each anther lobe, the specification of reproductive

and somatic cell types is crucial for early anther devel-

opment. Acting downstream of the AG gene, the SPOR-
OCYTELESS/NOZZLE (SPL/NZZ) gene is essential for

the formation of reproductive cells [8��,9��,10]. SPL
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encodes a putative novel transcription factor and is

expressed in the L2 layer, becoming restricted to the

reproductive precursors as the cell layers are formed,

suggesting that it acts in the reproductive cell lineage

to specify of their fate [8��]. Conversely, the BARELY

ANY MERISTEM1 (BAM1)/BAM2 LRR-RLKs are

important for the formation of primary parietal cells

(PPC); in the bam1/2 double mutant anthers, the inner

three somatic cell layers are replaced by PMC-like cells

[11]. Furthermore, BAM1/BAM2 expression is reduced in

the spl mutant, whereas SPL expression expands to all

subepidermal cells in the bam1/2 anthers [11]. The func-

tions and interactions between SPL and BAM1/2 can be

explained by a positive–negative feedback loop [11]

(Figure 2), which controls the balance between the

reproductive cell fate and the somatic cell fates during

anther development.

Slightly later during anther development, several genes

have been found to control the formation and differen-

tiation of the tapetum, one of the three L2-derived somatic

cell layers. Among these, the EXCESS MICROSPORO-
CYTES1 (EMS1)/EXTRA SPOROGENOUS CELLS (EXS)

gene encoding an LRR-RLK is required for the specifica-

tion of the tapetum fate [12��,13]. The ems1/exs mutants

produce anthers lacking the tapetum while having extra

PMCs. The EMS1/EXS gene is expressed in the tapetal

precursors and the expression becomes concentrated in

developing tapetal cells, suggesting that extracellular sig-

nal(s) stimulates the division and differentiation that result

in the formation of tapetal cells [12��]. In addition, very

similar phenotypes of the absence of tapetal cells with extra

PMCs have been observed in the tpd1 mutant defective in

a gene encoding a putative secreted protein, and in the

double mutant of the Somatic Embryogenesis Receptor-like
Kinase1 (SERK1) and SERK2 genes encoding LRR-RLKs

[14�,15�,16]. These and additional genetic results suggest

that TPD1 and SERK1/2 act in the same signaling path-

ways [16,17]; this idea is further supported by the physical

interaction between EMS1/EXS and TPD1 [18]. The

highest expression of EMS1/EXS is in the nascent tapetum,

whereas that of TPD1 is in the PMCs [12��,16], suggesting

that the communication between the PMCs and the tape-

tal precursors is important for the tapetal fate. It is possible

that EMS1/EXS and SERK1/2 form a heteromeric receptor

complex and TPD1 serves as the extracellular ligand for

the receptor, thereby mediating the specification of tape-

tum [17–19]. Mutants similar to ems1/exs and tpd1 have also

been found in both rice [20,21] and maize [22], suggesting

that the cell-cell communication for tapetum specification

is conserved in flowering plants.

Regulation of tapetum function and its
interaction with meiocytes
Following anther cell specification, subsequent develop-

ment requires additional gene functions, as revealed by

recent studies. RECEPTOR-LIKE PROTEIN KINASE2

(RPK2) is essential for the development of both the

tapetum and middle layer in Arabidopsis. Unlike the

ems1 mutant that totally lacks the tapetum, the rpk2
mutant forms an abnormal tapetum and a defective

middle layer [23], suggesting that it is involved in cell-

cell signaling for both tapetum and middle layer. In

addition, the DYSFUNCTIONAL TAPETUM1 (DYT1)

gene encoding a bHLH transcription factor is needed

for normal tapetum development and function [24�]. The
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Figure 1

Formation of Arabidopsis anther cell layers. The anther primordium only contains the L1, L2, and L3 layers at stage 1. At stage 2, some cells in the L2

layer become archesporial cells, which divide to produce the primary parietal cells (PPC, blue) and the primary sporogenous cells (PSC, red) at stage 3.

Then the PPCs divide to form two layers of secondary parietal cells (SPC) at stage 4. Subsequently, the inner SPCs (green) form the tapetum (T, green),

and the outer SPC (yellow) divide and differentiate into the middle layer (ML, dark pink) and the endothecium (En, purple). At the same time, the PSCs

give rise to the microsporocytes (Ms, light pink) at stage 5.
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dyt1 mutant shows abnormal tapetal cells and altered

expression of genes important for post-meiotic anther

development [24�].

After the formation of reproductive and somatic anther

cells, meiosis takes place with the characteristic processes

of chromosome condensation and homolog associations.

Although the tapetum plays crucial roles in supporting

pollen development following the completion of meiosis,

it was not known whether the tapetum is also needed for

normal meiosis. The mutants such as ems1 that lack the

tapetum provided an opportunity to test for a possible role

of the tapetum in supporting meiosis; it was found that

meiotic nuclear division in the ems1 mutant occurred in a

way similar to that in the wild-type, producing four nuclei,

even in cells occupying the positions of tapetal cells

[12��]. Similarly, the dyt1 mutant anthers contain an

abnormal tapetum, yet meiosis can still proceed to the

formation of four nuclei [24�]. Therefore, normal tapetal

function is not needed for meiotic nuclear division. How-

ever, these mutants fail to produce microspores,

suggesting that the tapetum is important for the meiotic

cytokinesis [12��,24�]. DYT1 regulates several genes with

important functions in tapetum and pollen development,

including MYB35 (also called TDF1) [24�,25].

Meiotic sister cohesion, pairing and synapsis
The function of the reproductive cells is to produce

microspores via meiosis [1,25] (Figure 3). Following

DNA replication, replicated sister chromatids associate

due to sister cohesion and chromosomes condense to form

axial elements. Pairing positions homologous axial

elements close to each other, allowing synapsis to occur.

Homolog pairing at the DNA level occurs by base-pairing,

facilitated by DNA double-stranded breaks (DSBs) and

subsequent generation of single strand ends. These

events also initiate meiotic homolog recombination,

which is closely coupled with synapsis. Recombinational

crossover together with sister cohesion maintain homolog

association until the transition from metaphase I to ana-

phase I, thereby ensuring high fidelity chromosome seg-

regation and transmission. Plant meiotic gene functions

have been studied extensively in Arabidopsis, rice, maize

and other plants and have been reviewed extensively

elsewhere [1,26]. Here we only highlight several recent

findings on meiosis due to limited space.

In Arabidopsis, mutants defective in sister cohesion also are

abnormal in chromosome condensation, pairing and synap-

sis, suggesting a close interdependency among these pro-

cesses [27]. In particular, the SWITCH/DYAD gene

encoding a novel protein is a key regulator of sister cohe-

sion; furthermore, female meiosis in swi mutants is con-

verted to a mitosis-like division, suggesting an early

regulatory role. In addition, the maize AMEIOTIC1
(AM1) gene is homologous to SWI/DYAD; mutant defects

indicate that AM1 is required for multiple meiotic pro-

cesses, including meiotic gene expression, morphogenesis

of the meiotic chromosomes, homolog pairing, synapsis

and recombination [28��], supporting the hypothesis that

AM1 (and SWI) is needed for the initiation of meiosis.

Another maize gene, POOR HOMOLOGOUS SYNAPSIS1
(PHS1), is required to coordinate homolog pairing and

synapsis. In phs1 meiocytes, synapsis occurs often between

non-homologous chromosomes, suggesting pairing is

defective, allowing non-homologs to become closely posi-

tioned and then synapsed [26]. Furthermore, PHS1 con-

trols the entry of RAD50 from cytoplasm to the nucleus and
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Genetic interactions during anther development. Summary diagram

shows the known genetic interactions between genes during anther

development. (a) Feedback regulation between CLV and WUS, and

between WUS and AG; together they promote the initiation and identity

of the stamen; (b) The feedback loop between BAM1/2 and SPL, which

balances the development of reproductive cells and the somatic cell

layers. (c) The regulation network among EMS1-SERK1/2 receptor

transcription factors, and microRNA, which are crucial for tapetal

identity, tapetal function, and pollen development, respectively. The

positive regulation is shown by green arrows, the negative regulation by

red T-bars, and protein–protein interactions are shown by blue lines

(confirmed interaction by solid lines and speculative interaction lacking

experimental support by dashed lines). Protein complexes are

highlighted by grey circles (putative complex by dashed circles and

confirmed complex by solid circles). The arrows, lines, T-bars do not

necessarily represent direct interactions, and events in the figures are

not all in the same cell.
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affects early recombination in both maize and Arabidopsis

[29]. RAD50 is part of a protein complex that generates

single strand DNAs from DSBs, allowing pairing-related

homology search and recombination between homologs,

suggesting that PHS1 controls pairing and recombination

by facilitating the import of crucial recombinational

proteins into the nucleus [29].

Synapsis requires a number of proteins, including the

Arabidopsis ZYP1 protein [27]. Mutants defective in the

rice ZYP1 homolog, ZEP1, are abnormal in synapsis;

however, the mutant is able to form crossovers, even

with an increased number than that in the wild type.

This difference from synaptic mutants in Arabidopsis and

yeast suggests that ZEP1 might have distinct functions in

rice, especially regarding the coordination between

synapsis and CO formation [30].

Meiotic recombination: DSBs formation and
repair
An initial step for recombination is the generation of

DSBs throughout the genome by SPO11, originally ident-

ified in the budding yeast and similar to the A subunit of

archaebacterial topoisomerase IV [27]. In Arabidopsis,

SPO11-1 is required for meiotic DSBs, homolog pairing

and synapsis [31], with the residues Gly215, Arg222 and

Arg223 crucial for the formation of a DNA-binding sur-

face important for meiosis [32]. In addition, a second

Molecular control of microsporogenesis in Arabidopsis Chang et al. 69

Figure 3

Homolog interaction during Prophase I and meiosis recombination pathway. (a) Three critical processes of homolog pairing, synapsis, and

recombination during Prophase I during meiosis. SDS, PHS1 and AMEIOTIC1 have been reported to coordinate between their interactions spatially

and temporally. The question mark indicates that relatively little is known about pairing; SC represents the synaptonemal complex; CO represents a

chiasma. (b) A model for plant recombination pathway(s), which have been partially described in previously [26,27]. Here, we updated several genes

involved in different pathways, as indicated by gene names.

www.sciencedirect.com Current Opinion in Plant Biology 2011, 14:66–73
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Arabidopsis SPO11 homolog, SPO11-2 (a different gene

from SPO11-1), is also required for meiotic DSBs [33,34].

Like spo11-1, the spo11-2 mutant also lacks meiotic DSBs

and is defective in bivalent formation, homolog pairing

and synapsis [33,34]. Moreover, the PUTATIVE RECOM-
BINATION INITIATION DEFECTS1, 2 and 3 (PRD1-3)

genes are required for SPO11-dependent DSB formation,

with mutant phenotypes similar to those of spo11-1 and

spo11-2 mutants [35,36], but their molecular functions are

not known.

Following the SPO11-dependent formation of DSBs, the

RAD50-MRE11-containing protein complex is required

to generate single strand ends, and RAD51, RAD51C,

and XRCC3 are required for repairing the DSBs, pre-

sumably via D-loop and other DNA intermediates of

recombination [27] (Figure 3). Mutations in these genes

fail to repair the DSBs, resulting in chromosome frag-

mentation detectable during late prophase I and/or later

meiotic stages. The Arabidopsis homologs of yeast

MND1 [37,38] and COM1/SAE2 [39] are also required

for repair of SPO-11-dependent DSBs and homolog

synapsis. Furthermore, the Arabidopsis homolog of the

human and yeast BLAP75/Rmi1 genes was found to be

important for DSBs repair downstream of the RAD51-

mediated step, but dispensable for homolog pairing and

synapsis [40].

Meiotic recombination: crossover formation
It has been shown that Arabidopsis meiotic crossovers

between homologs can be generated via interference-

sensitive (I-Sen) and interference-insensitive (I-Ins)

pathways [27] (Figure 3). The I-Sen pathway was pre-

viously found to require MSH4, MLH3, MER3/RCK, and

PTD [41,42,43�,44]. In addition, MSH5, ZIP4/SPO22,

RPA1a and SHOC1 are also needed for the I-Sen pathway

for CO formation [45,46�,47,48]. Mutations of these genes

dramatically reduce the CO frequency. Sequence sim-

ilarity to yeast genes suggests that MSH4/5 and MER3/

RCK promote Holliday junction formation. On the other

hand, genetic and phenotypic analysis demonstrated that

PTD acts downstream of MSH4 and MER3/RCK, probably

serving as a Holliday junction resolvase; PTD is slightly

similar in sequence to the ERCC1 protein, which forms a

heterodimer with XPF for excision repair [43�]. SHOC1 is

similar to XPF and required CO formation [46�],
suggesting that PTD and SHOC1 form an ERCC1-

XPF-like complex to mediate Holliday junction resol-

ution (Figure 3).

In yeast, MUS81 is required for CO formation via the I-Ins

pathway and encodes a structure-specific endonuclease;

the Arabidopsis MUS81 homolog is involved in this path-

way [49�,50�], although with less obvious mutant defects.

The mus81 mutant shows no apparent abnormality during

meiosis; however, using a fluorescence visual assay and

tetrad analysis, the mus81 mutant was found to have a

moderate reduction of meiotic recombination frequency,

with the remaining crossovers being interference sensi-

tive [49�]. Furthermore, the msh4 mus81 double mutant

exhibited significantly lower chiasma frequency than that

of the msh4 single mutant. These results support the idea

that MUS81 is part of the I-Ins pathway, not the MSH4-

dependent I-Sen pathway, for crossover formation. The

fact that the msh4 mus81 double mutant can still form

some COs indicate there is additional pathway(s) for CO

formation.

Spindle organization and chromosome
segregation
Following prophase I, chromosome separation requires

proper spindle function. Previously, the Arabidopsis

ATK1 gene encoding a C-terminal type kinesin motor

protein was found to promote normal spindle assembly

in male meiosis I and II [51]. More recently, ATK1 and

closely related ATK5 (renamed AtKIN14a and AtKIN14b,

respectively), were shown to both contribute to spindle

assembly during male and female meioses [52]. In addition,

MULTIPOLAR SPINDLE 1 (MPS1), is another gene

involved in meiotic spindle organization in Arabidopsis.

In msp1 meiocytes, unequal bipolar or multipolar spindles

are formed, causing abnormal chromosome segregation

and male and female sterility [53].

Tapetum function supporting
microsporogenesis
As discussed above, meiotic nuclear division is indepen-

dent of the tapetum, as seen in ems1 and dyt1 mutants;

however, the meiotic cell wall is abnormal and meiotic

cytokinesis fails to occur in these mutants [12,24�],
suggesting that the tapetum is important for normal

meiotic cell wall properties and for meiotic cytokinesis.

Among the genes that show reduced expression in the

dyt1 mutant, several genes are important for post-meiotic

tapetal function [24�], including ABORTED MICRO-
SPORES (AMS), MALE STERILITY1 (MS1), MYB35/
TDF1, and MYB103/80 [25,54,55,56�]. AMS is also a

bHLH protein and is required for normal microspore

development [54] and regulates the expression of many

floral genes [55]. AMS is positively regulated by the

transcription factor MYB35, which is downstream of

DYT1 [24�,25]. MS1 encodes a PHD transcription factor,

and is required for tapetum gene expression supporting

pollen wall formation [56�]. Furthermore, ms1 mutant

anther displays mis-expression of numerous anther genes,

including AtMYB99 [57�]. Furthermore, transcriptional

regulation is likely conserved homologs of Arabidopsis

DYT1, AMS, and several MYB genes have been shown to

have similar functions in rice [58–62].

In summary, much progress has been made in recent

years in the understanding of genes for both early anther

development and meiosis, both important for microspor-

ogenesis. Future studies will benefit from technological
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advances and comparative analyses and will not only

deepen the understanding in model systems, but also

broaden the knowledge to other plants, including crops,

thereby promoting plant breeding and other applications.

Acknowledgements
This work is supported by funds from Fudan University and from the
Biology Department at The Pennsylvania State University; the research on
anther development and meiosis in HM’s laboratory was also supported by a
grant from the US Department of Energy (DE-FG02-02ER15332), by a
grant from the National Science Foundation of China (31070274), and by
funds from Rijk Zwaan (Netherlands). YW was supported by a grant from
the China Postdoctoral Science Foundation (20090460589).

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest

�� of outstanding interest

1. Ma H: Molecular genetic analyses of microsporogenesis and
microgametogenesis in flowering plants. Annu Rev Plant Biol
2005, 56:393-434.

2. Ferrario S, Immink RG, Angenent GC: Conservation and diversity
in flower land. Curr Opin Plant Biol 2004, 7:84-91.

3. Feng X, Dickinson HG: Packaging the male germline in plants.
Trends Genet 2007, 23:503-510.

4. Sun B, Xu Y, Ng KH, Ito T: A timing mechanism for stem cell
maintenance and differentiation in the Arabidopsis floral
meristem. Genes Dev 2009, 23:1791-1804.

5. Scott RJ, Spielman M, Dickinson HG: Stamen structure and
function. Plant Cell 2004, 16(Suppl.):S46-60.

6. Hord CL, Sun YJ, Pillitteri LJ, Torii KU, Wang H, Zhang S, Ma H:
Regulation of Arabidopsis early anther development by the
mitogen-activated protein kinases, MPK3 and MPK6, and the
ERECTA and related receptor-like kinases. Mol Plant 2008,
1:645-658.

7. Shpak ED, Berthiaume CT, Hill EJ, Torii KU: Synergistic interaction
of three ERECTA-family receptor-like kinases controls
Arabidopsis organ growth and flower development by
promoting cell proliferation. Development 2004, 131:1491-1501.

8.
��

Yang WC, Ye D, Xu J, Sundaresan V: The SPOROCYTELESS
gene of Arabidopsis is required for initiation of sporogenesis
and encodes a novel nuclear protein. Genes Dev 1999, 13:2108-
2117.

This study identified SPL as the first known regulator of sporogenesis in
both male and female. SPL was shown to be required for the formation of
sporogenous cells and encodes a nucler protein.

9.
��

Ito T, Wellmer F, Yu H, Das P, Ito N, Alves-Ferreira M,
Riechmann JL, Meyerowitz EM: The homeotic protein
AGAMOUS controls microsporogenesis by regulation of
SPOROCYTELESS. Nature 2004, 430:356-360.

Reported the strong evidence supporting direction regulation of SPOR-
OCYTELESS (SPL) expression by AG. AG is required for SPL expression
and binds to SPL genomic DNA; furthermore, AG-independent SPL
expression can promote microsporogenesis in the ag mutant.

10. Liu X, Huang J, Parameswaran S, Ito T, Seubert B, Auer M,
Rymaszewski A, Jia G, Owen HA, Zhao D: The SPOROCYTELESS/
NOZZLE gene is involved in controlling stamen identity in
Arabidopsis. Plant Physiol 2009, 151:1401-1411.

11. Hord CL, Chen C, Deyoung BJ, Clark SE, Ma H: The BAM1/BAM2
receptor-like kinases are important regulators of Arabidopsis
early anther development. Plant Cell 2006, 18:1667-1680.

12.
��

Zhao DZ, Wang GF, Speal B, Ma H: The excess
microsporocytes1 gene encodes a putative leucine-rich
repeat receptor protein kinase that controls somatic and
reproductive cell fates in the Arabidopsis anther. Genes Dev
2002, 16:2021-2031.

Identified EMS1 as the first receptor-like protein kinase required for
tapetum formation and pollen development. In the absence of the
EMS1 function, additional meiocytes are formed, which can complete
meiotic nuclear division, indicating that extracellular signaling is needed
for tapetum specification and that the tapetum is not required for meiotic
nuclear division.

13. Canales C, Bhatt AM, Scott R, Dickinson H: EXS, a putative LRR
receptor kinase, regulates male germline cell number and
tapetal identity and promotes seed development in
Arabidopsis. Curr Biol 2002, 12:1718-1727.

14.
�

Albrecht C, Russinova E, Hecht V, Baaijens E, de Vries S: The
Arabidopsis thaliana SOMATIC EMBRYOGENESIS
RECEPTOR-LIKE KINASES1 and 2 control male sporogenesis.
Plant Cell 2005, 17:3337-3349.

See Ref. [15�].

15.
�

Colcombet J, Boisson-Dernier A, Ros-Palau R, Vera CE,
Schroeder JI: Arabidopsis SOMATIC EMBRYOGENESIS
RECEPTOR KINASES1 and 2 are essential for tapetum
development and microspore maturation. Plant Cell 2005,
17:3350-3361.

These two studies showed that SERK1/2 are together required for
tapetum formation, similar to the function of EMS1. The similarities of
EMS1 and SERK1/2 to the interactive BRI1 and BAK1/SERK3, respec-
tively, suggest that EMS1 and SERK1/2 might form heteromeric receptor
complex(es) to mediating cell-cell signaling that promotes the tapetum
fate.

16. Yang SL, Xie LF, Mao HZ, Puah CS, Yang WC, Jiang L,
Sundaresan V, Ye D: TAPETUM DETERMINANT1 is required for
cell specialization in the Arabidopsis anther. Plant Cell 2003,
15:2792-2804.

17. Yang SL, Jiang L, Puah CS, Xie LF, Zhang XQ, Chen LQ, Yang WC,
Ye D: Overexpression of TAPETUM DETERMINANT1 alters the
cell fates in the Arabidopsis carpel and tapetum via genetic
interaction with excess microsporocytes1/extra sporogenous
cells. Plant Physiol 2005, 139:186-191.

18. Jia G, Liu X, Owen HA, Zhao D: Signaling of cell fate
determination by the TPD1 small protein and EMS1 receptor
kinase. Proc Natl Acad Sci USA 2008, 105:2220-2225.

19. Zhao D: Control of anther cell differentiation: a teamwork of
receptor-like kinases. Sex Plant Reprod 2009, 22:221-228.

20. Nonomura K, Miyoshi K, Eiguchi M, Suzuki T, Miyao A,
Hirochika H, Kurata N: The MSP1 gene is necessary to restrict
the number of cells entering into male and female
sporogenesis and to initiate anther wall formation in rice. Plant
Cell 2003, 15:1728-1739.

21. Zhao X, de Palma J, Oane R, Gamuyao R, Luo M, Chaudhury A,
Herve P, Xue Q, Bennett J: OsTDL1A binds to the LRR domain of
rice receptor kinase MSP1, and is required to limit sporocyte
numbers. Plant J 2008, 54:375-387.

22. Sheridan WF, Golubeva EA, Abrhamova LI, Golubovskaya IN: The
mac1 mutation alters the developmental fate of the
hypodermal cells and their cellular progeny in the maize
anther. Genetics 1999, 153:933-941.

23. Mizuno S, Osakabe Y, Maruyama K, Ito T, Osakabe K, Sato T,
Shinozaki K, Yamaguchi-Shinozaki K: Receptor-like protein
kinase 2 (RPK 2) is a novel factor controlling anther
development in Arabidopsis thaliana. Plant J 2007, 50:751-766.

24.
�

Zhang W, Sun Y, Timofejeva L, Chen C, Grossniklaus U, Ma H:
Regulation of Arabidopsis tapetum development and function
by DYSFUNCTIONAL TAPETUM1 (DYT1) encoding a putative
bHLH transcription factor. Development 2006, 133:3085-3095.

This work identified DYT1 as an early regulator of tapetum gene expres-
sion and a link between upstream regulatory genes SPL and EMS1 and
downstream genes encoding transcription factor AMS and MS1.

25. Zhu J, Chen H, Li H, Gao JF, Jiang H, Wang C, Guan YF, Yang ZN:
Defective in Tapetal development and function 1 is essential
for anther development and tapetal function for microspore
maturation in Arabidopsis. Plant J 2008, 55:266-277.

26. Ma H: A molecular portrait of Arabidopsis meiosis. In The
Arabidopsis Book. Edited by Somerville CR, Meyerowitz EM,
Dangl J, Stitt M. American Society of Plant Biologists; 2006 doi:
10.1199/tab.0009.

Molecular control of microsporogenesis in Arabidopsis Chang et al. 71

www.sciencedirect.com Current Opinion in Plant Biology 2011, 14:66–73



Author's personal copy

27. Hamant O, Ma H, Cande WZ: Genetics of meiotic prophase I in
plants. Annu Rev Plant Biol 2006, 57:267-302.

28.
��

Pawlowski WP, Wang CJ, Golubovskaya IN, Szymaniak JM, Shi L,
Hamant O, Zhu T, Harper L, Sheridan WF, Cande WZ: Maize
AMEIOTIC1 is essential for multiple early meiotic processes
and likely required for the initiation of meiosis. Proc Natl Acad
Sci USA 2009, 106:3603-3608.

This elegent study showed that maize AM1 is a key regulator of early
meiosis, perhaps even controlling the initiation of meiosis, because most
am1 premeiotic cells enter mitosis instead of meiosis. The AM1 protein
binds to chromatin in early prophase I and is a homolog of the Arabidopsis
SWITCH protein, suggesting possible conservation of regulatory
mechanisms for early meiosis.

29. Ronceret A, Doutriaux MP, Golubovskaya IN, Pawlowski WP:
PHS1 regulates meiotic recombination and homologous
chromosome pairing by controlling the transport of RAD50 to
the nucleus. Proc Natl Acad Sci USA 2009, 106:20121-20126.

30. Wang M, Wang K, Tang D, Wei C, Li M, Shen Y, Chi Z, Gu M,
Cheng Z: The central element protein ZEP1 of the
synaptonemal complex regulates the number of crossovers
during meiosis in rice. Plant Cell 2010, 22:417-430.

31. Grelon M, Vezon D, Gendrot G, Pelletier G: AtSPO11-1 is
necessary for efficient meiotic recombination in plants. EMBO
J 2001, 20:589-600.

32. Shingu Y, Mikawa T, Onuma M, Hirayama T, Shibata T: A DNA-
binding surface of SPO11-1, an Arabidopsis SPO11 orthologue
required for normal meiosis. FEBS J 2010, 277:2360-2374.

33. Hartung F, Wurz-Wildersinn R, Fuchs J, Schubert I, Suer S,
Puchta H: The catalytically active tyrosine residues of both
SPO11-1 and SPO11-2 are required for meiotic double-strand
break induction in Arabidopsis. Plant Cell 2007, 19:3090-3099.

34. Stacey NJ, Kuromori T, Azumi Y, Roberts G, Breuer C, Wada T,
Maxwell A, Roberts K, Sugimoto-Shirasu K: Arabidopsis SPO11-
2 functions with SPO11-1 in meiotic recombination. Plant J
2006, 48:206-216.

35. De Muyt A, Vezon D, Gendrot G, Gallois JL, Stevens R, Grelon M:
AtPRD1 is required for meiotic double strand break formation
in Arabidopsis thaliana. EMBO J 2007, 26:4126-4137.

36. De Muyt A, Pereira L, Vezon D, Chelysheva L, Gendrot G,
Chambon A, Laine-Choinard S, Pelletier G, Mercier R, Nogue F
et al.: A high throughput genetic screen identifies new early
meiotic recombination functions in Arabidopsis thaliana. PLoS
Genet 2009, 5:e1000654.

37. Kerzendorfer C, Vignard J, Pedrosa-Harand A, Siwiec T,
Akimcheva S, Jolivet S, Sablowski R, Armstrong S, Schweizer D,
Mercier R et al.: The Arabidopsis thaliana MND1 homologue
plays a key role in meiotic homologous pairing, synapsis and
recombination. J Cell Sci 2006, 119:2486-2496.

38. Panoli AP, Ravi M, Sebastian J, Nishal B, Reddy TV,
Marimuthu MP, Subbiah V, Vijaybhaskar V, Siddiqi I: AtMND1 is
required for homologous pairing during meiosis in
Arabidopsis. BMC Mol Biol 2006, 7:24.

39. Uanschou C, Siwiec T, Pedrosa-Harand A, Kerzendorfer C,
Sanchez-Moran E, Novatchkova M, Akimcheva S, Woglar A,
Klein F, Schlogelhofer P: A novel plant gene essential for
meiosis is related to the human CtIP and the yeast COM1/
SAE2 gene. EMBO J 2007, 26:5061-5070.

40. Chelysheva L, Vezon D, Belcram K, Gendrot G, Grelon M: The
Arabidopsis BLAP75/Rmi1 homologue plays crucial roles in
meiotic double-strand break repair. PLoS Genet 2008,
4:e1000309.

41. Higgins JD, Vignard J, Mercier R, Pugh AG, Franklin FC, Jones GH:
AtMSH5 partners AtMSH4 in the class I meiotic crossover
pathway in Arabidopsis thaliana, but is not required for
synapsis. Plant J 2008, 55:28-39.

42. Chen C, Zhang W, Timofejeva L, Gerardin Y, Ma H: The
Arabidopsis ROCK-N-ROLLERS gene encodes a homolog of
the yeast ATP-dependent DNA helicase MER3 and is required
for normal meiotic crossover formation. Plant J 2005,
43:321-334.

43.
�

Wijeratne AJ, Chen C, Zhang W, Timofejeva L, Ma H: The
Arabidopsis thaliana PARTING DANCERS gene encoding a
novel protein is required for normal meiotic homologous
recombination. Mol Biol Cell 2006, 17:1331-1343.

Identified PTD as a key gene for the interference-sensitive pathway of
crossover formation, and provide evidence that PTD acts as a Holliday
junction resolvase, demonstrating that a homolog of an excision repair
enzyme is important for meiotic recombination.

44. Jackson N, Sanchez-Moran E, Buckling E, Armstrong SJ,
Jones GH, Franklin FC: Reduced meiotic crossovers and
delayed prophase I progression in AtMLH3-deficient
Arabidopsis. EMBO J 2006, 25:1315-1323.

45. Chang Y, Gong L, Yuan W, Li X, Chen G, Zhang Q, Wu C:
Replication protein A (RPA1a) is required for meiotic and
somatic DNA repair but is dispensable for DNA replication and
homologous recombination in rice. Plant Physiol 2009,
151:2162-2173.

46.
�

Macaisne N, Novatchkova M, Peirera L, Vezon D, Jolivet S,
Froger N, Chelysheva L, Grelon M, Mercier R: SHOC1, an XPF
endonuclease-related protein, is essential for the formation of
class I meiotic crossovers. Curr Biol 2008, 18:1432-1437.

Showed that SHOC1 is crucial for crossover formation by the interfer-
ence-sensitive pathway and is related to the XPF protein, which form a
heterodimer with ERCC1 to carry out excision repair.

47. Chelysheva L, Gendrot G, Vezon D, Doutriaux MP, Mercier R,
Grelon M: Zip4/Spo22 is required for class I CO formation but
not for synapsis completion in Arabidopsis thaliana. PLoS
Genet 2007, 3:e83.

48. Osman K, Sanchez-Moran E, Mann SC, Jones GH, Franklin FC:
Replication protein A (AtRPA1a) is required for class I
crossover formation but is dispensable for meiotic DNA break
repair. EMBO J 2009, 28:394-404.

49.
�

Berchowitz LE, Francis KE, Bey AL, Copenhaver GP: The role of
AtMUS81 in interference-insensitive crossovers in A. thaliana.
PLoS Genet 2007, 3:e132.

See Ref. [50�].

50.
�

Higgins JD, Buckling EF, Franklin FC, Jones GH: Expression and
functional analysis of AtMUS81 in Arabidopsis meiosis reveals
a role in the second pathway of crossing-over. Plant J 2008,
54:152-162.

These studies used tetrad analysis and other methods to probe the
function of AtMUS81, and showed that it is involved in a pathway other
than the interference-sensitive pathway, probably the interference-insen-
sitive pathway.

51. Chen C, Marcus A, Li W, Hu Y, Calzada JP, Grossniklaus U, Cyr RJ,
Ma H: The Arabidopsis ATK1 gene is required for spindle
morphogenesis in male meiosis. Development 2002,
129:2401-2409.

52. Quan L, Xiao R, Li W, Oh SA, Kong H, Ambrose JC, Malcos JL,
Cyr R, Twell D, Ma H: Functional divergence of the duplicated
AtKIN14a and AtKIN14b genes: critical roles in Arabidopsis
meiosis and gametophyte development. Plant J 2008,
53:1013-1026.

53. Jiang H, Wang FF, Wu YT, Zhou X, Huang XY, Zhu J, Gao JF,
Dong RB, Cao KM, Yang ZN: MULTIPOLAR SPINDLE 1
(MPS1), a novel coiled-coil protein of Arabidopsis thaliana, is
required for meiotic spindle organization. Plant J 2009,
59:1001-1010.

54. Sorensen AM, Krober S, Unte US, Huijser P, Dekker K, Saedler H:
The Arabidopsis ABORTED MICROSPORES (AMS) gene
encodes a MYC class transcription factor. Plant J 2003,
33:413-423.

55. Xu J, Yang C, Yuan Z, Zhang D, Gondwe MY, Ding Z, Liang W,
Wilson ZA: The ABORTED MICROSPORES regulatory network
is required for postmeiotic male reproductive development in
Arabidopsis thaliana. Plant Cell 2010, 22:91-107.

56.
�

Wilson ZA, Morroll SM, Dawson J, Swarup R, Tighe PJ: The
Arabidopsis MALE STERILITY1 (MS1) gene is a transcriptional
regulator of male gametogenesis, with homology to the PHD-
finger family of transcription factors. Plant J 2001,
28:27-39.

See Ref. [57�].

72 Growth and development

Current Opinion in Plant Biology 2011, 14:66–73 www.sciencedirect.com



Author's personal copy

57.
�

Ito T, Nagata N, Yoshiba Y, Ohme-Takagi M, Ma H, Shinozaki K:
Arabidopsis MALE STERILITY1 encodes a PHD-type
transcription factor and regulates pollen and tapetum
development. Plant Cell 2007, 19:3549-3562.

These papers presented analyses using microarrays and transgenic
plants that showed MS1 as a key regulator of tapetem gene expression
for pollen wall formation, including the direct activation of MYB99.

58. Jung KH, Han MJ, Lee YS, Kim YW, Hwang I, Kim MJ, Kim YK,
Nahm BH, An G: Rice Undeveloped Tapetum1 is a major
regulator of early tapetum development. Plant Cell 2005,
17:2705-2722.

59. Gocal GF, Sheldon CC, Gubler F, Moritz T, Bagnall DJ,
MacMillan CP, Li SF, Parish RW, Dennis ES, Weigel D et al.:

GAMYB-like genes, flowering, and gibberellin signaling in
Arabidopsis. Plant Physiol 2001, 127:1682-1693.

60. Murray F, Kalla R, Jacobsen J, Gubler F: A role for HvGAMYB in
anther development. Plant J 2003, 33:481-491.

61. Kaneko M, Inukai Y, Ueguchi-Tanaka M, Itoh H, Izawa T,
Kobayashi Y, Hattori T, Miyao A, Hirochika H, Ashikari M et al.:
Loss-of-function mutations of the rice GAMYB gene impair
alpha-amylase expression in aleurone and flower
development. Plant Cell 2004, 16:33-44.

62. Wilson ZA, Zhang DB: From Arabidopsis to rice: pathways in
pollen development. J Exp Bot 2009, 60:1479-1492.

Molecular control of microsporogenesis in Arabidopsis Chang et al. 73

www.sciencedirect.com Current Opinion in Plant Biology 2011, 14:66–73


